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Introduction
Life expectancy at age 60 has increased substantially in recent decades, which has been attributed to declining mortality rates at older ages [1] . However, there is little evidence to suggest that older people today are living in better health than their predecessors did at the same age. Consequently, the question of whether the extension in life expectancy is accompanied by longer/shorter healthy life expectancy has gained more importance, with far-reaching consequences to the individual, society and health care policies. Many studies have examined the trends in mortality and morbidity, with the aim of determining whether subsequent cohorts are healthier than those that have preceded them as well as the need for future care resources [1] [2] [3] [4] . Although trends in disability according to the activities of daily living (ADL) of the older population are generally positive [5] , some reports support the opposite trend. For example, findings from two American studies showed that ADL disabilities were worse in recent cohorts than in earlier cohorts [6, 7] . A Chinese cohort study also showed that the recent cohorts scored significantly worse for physical and cognitive functioning than did their earlier counterparts [4] .
Compared with trends in mortality from specific causes of death, morbidity or levels of chronic disease indicators, trends in frailty (i.e. impaired capacity to withstand intrinsic and environmental stressors) may offer a more comprehensive perspective of ageing, as frailty develops as a consequence of age-related decline in multiple physiological systems, encompassing physical, functional and mental health dimensions [8, 9] . Depending on the used definition [8, 10] , the prevalence of frailty at age 65 years and older varies from 4.0 to 59.1% [11] [12] [13] . Although frailty is considered an important indicator of an individual's capacity for independent living and his/her risk of suffering from an adverse event, only a few studies have evaluated whether there are birth cohort effects on frailty, and with conflicting results [14] [15] [16] . Furthermore, these studies had limited waves of longitudinal data and/or did not adjust for the effects of survey year (i.e. the year in which the surveys were carried out) to reflect changes in sociocultural, economic and environmental factors that may affect the entire population simultaneously.
Although frailty is common in the older population in Hong Kong [13] ; the trends in frailty in relation to cohort differences, in conjunction with evolving demographics, socioeconomic status, lifestyle and social factors, have not been studied. A better understanding of the longitudinal trajectories of frailty is important in predicting an individual's health status at different stages of demographic transitions in Chinese populations, which are ethnically and culturally distinct from Caucasians and have different health and social care systems. Using data from the 18 Elderly Health Centres (EHCs, hereafter) of the Department of Health of Hong Kong, a longitudinal sample following multiple Chinese birth cohorts with different entry years during the period from 2001 to 2012 was analysed to describe the cohort effect on frailty among Chinese older people and to assess the modification of this effect by age, period, gender, marital status, educational levels, socioeconomic status, lifestyle and social factors using an age-period-cohort analysis.
Methods

Study sample
We used data from the 18 EHCs of the Department of Health, which have been collecting longitudinal health data from a large population-based cohort in Hong Kong since 1998. All residents of Hong Kong aged 65 years and older can voluntarily enrol. Enrollees in the cohort receive standard medical examinations at baseline and are reassessed in subsequent years. The details of this cohort have been described elsewhere [17] . In this study, we retrieved longitudinal data from the EHCs of individuals who enroled between 2001 and 2012 (n = 427,790), and excluded those who were institutionalised (n = 9,490, 2.2%), those with missing data on living arrangement (n = 6, 0.0%), and those with data with less than 27 of the 30 frailty deficits (n = 345, 0.1%). Of these observations, we further cleaned the data with logical errors. Although it has been suggested that a minimum of 30 deficits is required to define frailty [18] , a previous analysis shows no difference between using the full set of 32 deficits and a reduced set of 26 deficits when it comes to define frailty [19] . The study has been approved by the ethics committee of the Department of Health of the Government of the Hong Kong Special Administrative Region.
Variable definitions
Frailty index
The multiple-deficits approach was used to construct the Frailty Index (FI), which consisted of 30 components covering chronic disease history and medication use, physical and cognitive functioning, psychological wellbeing, and geriatric symptoms, with a score of 1 representing a deficit for each component (Supplementary Table) . The FI was calculated as the proportion of the number of deficits for an individual to the maximum total number of deficits. The deficits included in the FI satisfied the criteria as previously described [18] . All deficits of FI were associated with the health status of the individual, had less than 5% missing values, presented in at least 1% of the study population, and the prevalence of each deficit generally increased with age. In addition, the FI has a strong association with mortality. However, the risks for mortality vary across birth cohorts (data not shown). It is possible that the follow-up time may not be long enough to complete survival, particularly among the recent cohorts.
Age and cohort
Age was calculated by subtracting the survey year from the birth year. It was transformed by subtracting the value from the grand median and further being divided by 10 for mathematical convenience. The birth cohorts were categorised into the years 1901-23 (reference group), 1924-29, 1930-35, 1936-41 and 1942-47 .
Covariates
Gender and the following time-varying covariates were included in the analysis: marital status, educational attainments, employment, housing, recipient of social assistance, smoking, regular alcohol consumption (drink at least once per week), regular exercise (exercise at least once per week) and participation in social activities, including volunteering and participating in leisure activities.
Statistical analysis
Descriptive statistics (mean (SD) or %) were used for summarising the primary FI outcome and other explanatory variable stratified by birth cohort. The repeated measurement data were analysed by a two-level hierarchical linear model (HLM) [14, 19] . In HLM, random effects of individual and time are able to capture the heterogeneity of baseline data and the changes in FI over time. It is also a modelling technique used to handle missing data and unequal time spaces which are typical in longitudinal observation studies [20] . In our study, the model is able to depict the change in FI with age for each individual (level 1) and the heterogeneity due to differences in gender and birth cohort amongst our study population (level 2). The model is specified as follows:
Level 2 Model for growth rate :
The level 1 model (equation 1) describes the change of FI of an individual i at time t (FI it ) given the population mean (β 0i ), linear (β 1i ) and quadratic effects (β 2i ) of age, after controlling for the effects (α ji ) of other demographics variables (i. e., marital status and education level), socioeconomic status, lifestyle and social factors that vary over time (Z j;it , j = 1, 2, …). ε it is the random error within individual i over time. The level 2 model for intercept describes the differences between individuals and is modelled as a function of gender, birth cohort, and their interaction. The model for the growth rate describes the linear rate of change with age from the variables of gender and cohort. The coefficients γ 00 −γ 02 andγ 10 −γ 12 are the effects on mean FI and linear growth rate with age in FI, respectively. The age-by-cohort interaction is adopted as a proxy of period effect [21, 22] . The gender-by-cohort interaction was not included in the model due to insignificant effects (result not shown). The Model 1 of HLM was fitted using age, gender and cohorts only. On top of these variables, the Model 2 of HLM was fitted using other demographics variables (i.e., marital status and education level), socioeconomic status, lifestyle and social factors. The goodness of fit of the models were assessed by the 95% credible interval of residual errors, mean absolute error (MAE and mean absolute percentage error (MAPE). The HLM models were fitted using the HPMIXED procedure in SAS 9.4 software.
Results
The total number of observations was 417,949, which included 94,550 participants (female 64.3%). Table 1 shows the characteristics of the study population by birth cohort. The mean age of cohort at the time of study was 72 years and the mean FI was 0.14. The mean age of the study population decreased from 82 to 67 years across successive cohorts, indicating the presence of confounding by age on trends in frailty and providing justification for subsequent APC analyses. Table 2 shows the model estimates for all cohorts. Quadratic age trajectories of the FI were found, indicating accelerated increases in the accumulation of health deficit with age. Controlling for the effect of age, positive cohort effects on FI were observed. An interaction between birth cohort and age was observed, suggesting the existence of a cohort effect independent of age and period effects (Model 2). The HLM shows acceptable goodness of fit in which the 95% credible interval, MAE and MAPE of the full model are (−0.05 to 0.06), 0.026 and 22%, respectively.
To compare cohort differences at the same age, we compared predicted age trajectories of the FI across birth cohorts (Figure 1) . We found that more recent cohorts had higher levels of frailty than did earlier cohorts at the same age, controlling for demographics, socioeconomic status, lifestyle and social factors. We also found that, on average, being female was associated with 0.02 units increase in FI, after adjusting for age and cohort effects (Table 2, Model 1). At the same age, recent cohorts were at a higher risk of having an increased FI that did earlier cohorts in both men and women (Supplementary Figure) . Table 2 (Model 2) also shows the associations of demographics, socioeconomic status, lifestyle and social factors with frailty. Individuals who were widowed had a 0.002 unit higher FI on average. Completing one's secondary education or higher decreased the FI by 0.003. Working fulltime/part-time similarly decreased the FI by 0.005. Recipients of social assistance had a 0.008 unit higher FI on average. Regular drinking and regular exercise were associated with a lower risk of frailty. Smokers including exsmokers, daily and non-daily smokers, had an increased FI of 0.004 units. Participation in social activities was associated with a lower risk of frailty. The inclusion of these predictors did not attenuate the cohort effect.
Discussion
Using a large longitudinal dataset of community-dwelling Chinese people aged ≥65 years, we found that more recent cohorts had higher levels of frailty than did earlier cohorts, after adjusting for age, period, gender, marital status, educational levels, socioeconomic status, lifestyle and social factors. This finding indicates that the increase in life expectancy has negative implications, as it is associated with concurrent increases in levels of frailty. This may lead to greater costs for medical care, social services and long-term care.
The results from the current study are consistent with a previous British analysis, which also reported higher levels of frailty in recent cohorts compared with earlier cohorts (for cohorts aged over 70 in 2002) [16] . An US-based study examining cohort-specific trajectories of frailty also reported higher levels of frailty in recent cohorts compared with earlier cohorts [14] . Similar findings were also observed in the US for cohort-specific trajectories of self-reported illness [23, 24] . In contrast to these findings, a Sweden-based study examining cohort-specific trajectories of frailty reported higher levels of frailty in earlier cohorts compared with recent cohorts [15] . The discrepancy of the findings may reflect different social, cultural and health policies at different stages of demographic transitions [25] . The use of different types of data (repeated cross-sectional or longitudinal) and definitions of frailty across studies can also influence results. In particular, some previous studies did not control for period effects, which may significantly cofound the cohort effects.
Although the mechanisms that cause frailty to increase amongst more recent birth cohorts in our study population are not well understood, one possibility is that frail individuals in more recent cohorts had a better chance of surviving into old age than their predecessors, most likely due to improvements in living conditions and medical treatments over their lifetimes. These improvements imply that older people in more recent cohorts are expected to live longer, but the improved survival rates of these people may be associated with an increase in chronic diseases and impaired physical and cognitive functioning (as observed in a Chinese cohort) [4] , which, in turn, increase the risk of frailty. Longitudinal trajectories of lifestyle and social factors due to demographic changes may also partly explain the differences in frailty risk across successive birth cohorts. For example, the economic reforms and high-tech revolution that have taken place over the past few decades in Hong Kong may have exposed individuals in recent cohorts to sedentary occupations (non-agriculture-/non-manufacturingrelated jobs) that require less daily energy expenditure than earlier cohorts. This has been accompanied by a decline in functional capacity and health, which might have promoted frailty. In addition, the establishment and the mobility of nuclear families, as reflected by the trends in declining household size and the rising number of older people living alone [26, 27] , might have had adverse impacts on the social networks/connections of older people, which may accelerate frailty. Findings from a Mexican-American study showed that social support was protective against worsening in frailty among individuals with moderate frailty [28] . Analyses of EHCs' data also demonstrated that older people who had participated in social activities had lower levels of frailty than those who did not; hence, the findings of this study together with current available literature lend support to the concept that social environment may be an especially important mechanism for understanding the trajectory patterns of frailty.
In this study, the cohort effect on frailty has been adjusted for multiple covariates. Our findings reaffirm the importance of education, healthy lifestyle (regular exercise, not smoking), social support and social participation in slowing down the onset of frailty. Nevertheless, consistent with the results reported in the Women's Health Initiative Observational Study, the Seniors-ENRICA cohort, and the Health and Retirement Study, where moderate drinkers were associated with a lower risk of frailty [29] [30] [31] , our data demonstrated that regular alcohol consumption was associated with a lower risk of frailty, although it is well known that alcohol in excess is carcinogenic and detrimental to health [32] . The inverse association between alcohol intake and frailty may be due to the anti-inflammatory effect associated with low-to-moderate alcohol consumption [31] ; however, it could also be due to the abstainer/quitter bias [33] , as individuals in poor health, particularly older people, drink less than those individuals in good health.
Several limitations of the current study require discussion. The earliest and latest cohorts did not capture a full age distribution, thus biasing the estimates for cohort trends. Individuals born between 1901 and 1923 were merged due to the comparatively small size of several age groups, thus limiting the number of birth cohorts being studied. Also, information on risk factors in early-and midlife (e.g. changing dietary pattern) that may affect frailty at older ages was not available, limiting the ability to identify causes of increased frailty in late life. Another limitation is that study participation was voluntary which could result in selection bias. Compared to individuals who responded to follow-up assessments, those who did not respond to any follow-up assessment between 2001 and 2012 were older and had lower levels of education. Nevertheless, HLM was used to capture the heterogeneity of baseline data and the changes over time, which can yield reliable results despite the presence of missing data. In the HLM model, age is allowed to vary by cohort groups with the uses of random effects. By assuming independently and identically distributed residuals at the higher-level, the period effects as well as the cohort effects were distributed independently. We also followed the framework of the hierarchical age-periodcohort (HAPC) regression model from Yang and Land [34] , adding a quadratic term of age to prevent the problem of under-identification among APC. Nevertheless, as demonstrated by Bell and Jones [35] , the period or cohort trend could not be well-converted into a separate random effect if the independence assumption cannot be held. As shown in a simulation scenario in Bell and Jones' paper, the cohort and age effects could be over-estimated if there is a priori linear trend of period effect. Finally, the design of the study is subject to survival bias as some people who were frail may not have survived to the age to be included in the study. This may have led to underestimations of the levels of frailty. Therefore, the study population might not completely represent the whole geriatric population in Hong Kong. The results of this study should be interpreted with cautions. The strengths of this study include the large sample size and the adjustment of multiple potential confounders. In addition, the FI obtained using the described methods were in line with age-specific/overall FI obtained in other studies, including the English Longitudinal Study of Ageing [16] and the Health and Retirement Survey [14] . The similarity of our estimates for the FI with those of independent studies underpins the validity of our calculations for FI at population level.
In conclusion, our data demonstrate that more recent cohorts had higher levels of frailty than did earlier cohorts amongst both men and women. Therefore, frailty interventions, coupled with early detection, should be developed to combat the increasing rates of frailty in Hong Kong Chinese, which might have far-reaching benefits for individuals and society by preserving function into old age, increasing the number of years spent in good health at older ages, and decreasing health care costs. The inverse association between social participation and frailty observed in the present study also implies the need for encouraging the social participation of older people. At the same time, the surveillance of changes in frailty of older people will also be of fundamental importance to the planning of health care and the resources needed. Our results can also be used to predict future health trends and the public health burden of the older population.
Key points
• More recent cohorts had higher levels of frailty than did earlier cohorts in both men and women.
• The increase in life expectancy has negative implications, as it is associated with concurrent increases in levels of frailty.
• Frailty interventions, coupled with early detection, should be developed to combat the increasing rates of frailty in Hong Kong.
Supplementary Data
Supplementary data mentioned in the text are available to subscribers in Age and Ageing online.
